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ABSTRACT 


A  single  heat  of  6A£-4V  titanium  has  been  die  forged  at  con¬ 
ventional  and  beta  forging  temperatures.  These  forgings  have  been 
annealed,  sectioned,  and  subsequently  machined  into  tensile  and 
fatigue  test  specimens.  Notched  and  smooth  fatigue  specimens  were 
tested  in  axial-loading  fatigue  machines  at  room  temperature  using 
three  stress  ratios.  The  data  presented  show  that  beta-forged  ma¬ 
terial  exhibits  better  fatigue  strength  than  conventionally  forged 
material,  while  tensile  properties  are  nearly  unaffected.  A  forg¬ 
ing  temperature  of  120°F  above  the  alpha-beta/beta  transus  was 
selected  as  the  optimum  forging  temperature  based  on  initial  fa¬ 
tigue  results  at  a  single  A-ratio  of  0.9.  This  temperature  was 
selected  as  a  compromise  between  improved  forgeability  and  the 
superior  fatigue  results  realized  for  forging  near  the  transus 
temperature.  More  extensive  fatigue  testing  at  various  stress 
ratios  revealed  that  the  beta-forged  material  had  a  lower  toler¬ 
ance  for  the  reversed  load  cycle  (A  =  °°)  than  the  conventional- 
forged  material.  Surface  effect  studies  for  the  same  heat  of 
6A£-4V  titanium  indicated  that  mechanical  material  removal  in  a 
controlled  manner  was  not  detrimental  to  fatigue  strength  but 
was  of  considerable  benefit.  Shot  peening  at  an  intensity  of 
0.010A  did  not  improve  the  fatigue  limit  of  conventional  or  beta- 
forged  material. 

This  abstract  is  subject  to  special  export  controls  and  each 
transmittal  to  foreign  governments  or  foreign  nationals  may  be 
made  only  with  prior  approval  of  the  Air  Force  Materials  Labora¬ 
tory  (MAAE) ,  Wright-Patterson  Air  Force  Base,  Ohio  45433. 
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SECTION  I 


INTRODUCTION 


The  traditional  approach  to  titanium  alloy  forging  has  been 
to  heat  the  forging  stock  to  some  temperature  below  the  alpha- 
beta/beta  transus  and  work  the  material  to  the  desired  shape. 

This  practice  has  been  required  because  material  heated  to  tem¬ 
peratures  above  the  beta  transus  transforms  and  becomes  rather 
brittle. 

Designers  of  aerospace  structural  components  frequently  de¬ 
sire  a  high  level  of  sophistication  in  the  parts  they  design. 
Working  with  aluminum  and  alloy  steels ,  these  shapes  have  been 
feasible.  With  titanium,  less  shape  sophistication  has  been 
possible.  The  necessity  for  forging  at  relatively  low  tempera¬ 
tures  has  been  a  primary  reason  for  this  limitation. 

It  was  found  that  titanium  that  had  been  extensively  and 
continuously  worked  above  the  beta  transus  rather  than  just  heated 
into  this  range,  exhibited  a  significant  improvement  in  fracture 
toughness  without  adversely  affecting  other  mechanical  proper¬ 
ties  . 


Wyman-Gordon ,  our  subcontractor  on  this  program,  took  advan¬ 
tage  of  this  interesting  potential  and  performed  the  necessary 
work  to  demonstrate  that  beta  forging  would  improve  shape  sophis¬ 
tication,  reduce  costs,  and  in  some  cases  improve  mechanical  prop¬ 
erties  . 

The  evaluations  of  beta  forged  titanium  have  shown  that 
strength  properties  are  relatively  unaffected,  ductility  decreases 
slightly,  and  toughness  increases.  The  largest  void  in  our  prop¬ 
erty  information  associated  with  the  process  is  the  effect  on 
fatigue  behavior. 

The  objectives  of  this  research  are  to  study  two  specific 
and  distinct  areas  of  fatigue  technology  that  require  design  in¬ 
formation  data.  These  are: 

1)  Effect  of  forging  history  (beta  forging)  ; 

2)  Effect  of  surface  condition. 
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SECTION  II 


MATERIAL  AND  FORGING  TECHNIQUE 


In  the  selection  of  a  forged  shape,  two  courses  were  consid¬ 
ered.  The  first  was  to  forge  a  pancake  shape  using  the  open-die 
technique.  This  permits  all  of  the  required  specimens  to  be  ob¬ 
tained  from  a  single  uniform  property  section.  However,  the  pan¬ 
cake  is  not  sufficiently  representative  of  the  aerospace  compo¬ 
nents  for  which  the  beta  forging  process  will  be  used. 

The  alternative  was  to  use  a  closed  die  to  forge  a  simple 
typical  aerospace  component.  Closed-die  forgings  are  attractive 
because  they  are  normally  made  in  two  stages  using  different  dies. 
Initial  working  is  performed  in  a  blocker  die;  subsequent  work¬ 
ing  is  performed  in  a  final  finish  die.  The  forging  selected  for 
this  work  was  a  small  component  shape  frequently  used  by  Wyman- 
Gordon  for  forging  evaluation.  This  shape  incorporates  a  rectan¬ 
gular  solid  section  approximately  6%x3!sx2  in.  ,  which  should  exhi¬ 
bit  good  uniformity  of  working  history  and  mechanical  properties. 
The  rectangular  section  is  ideally  suited  to  provide  the  required 
test  specimen  blanks.  To  provide  a  sufficient  number  of  speci¬ 
mens  for  each  testing  condition,  a  number  of  forgings  must  be  pre¬ 
pared.  This  presented  another  attractive  feature  in  favor  of 
press  forging  where  high  reproducibility  can  be  obtained  from 
part  to  part  and  test  results  that  accurately  reflect  typical 
behavior  can  be  obtained. 

All  forgings  for  this  program  are  made  from  6A£-4V  titanium 
alloy  stock,  6-in.  diameter,  Heat  Number  293882.  The  source  of 
the  material  was  Reactive  Metals,  Inc.  Chemical  analysis  of  this 
stock  is  shown  in  Table  I.  The  billet  macrostructure  is  shown  in 
Figure  1.  The  alpha-beta/beta  transus  (T  \  of  this  heat  of  mate¬ 
rial  was  found  to  be  1830°F.  V 


Table  I  Chemical  Analysis  of / Ti-6A£-4V  Billet  Stock 


Chemical  composition  (weight  %) 

A£ 

V 

Fe 

C 

n2 

h2 

02 

293822 

Mill  cut 

6.2 

4.3 

0.09 

0.010 

0.010 

0.0057 

0.182 

W-G  Analysis 
C-5422 

6.18 

4.19 

0.09 

0.009 

0.009 

0.0043 

0.187 

2 


Neg.  5636  Longitudinal  3 /1+X 


Figure  1  Photomacrographs  of  Billet  Material  Ti  6Af-4V 
Heat  293882 
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All  material  was  forged  in  two  steps,  blocker  and  finish, 
from  a  cogged  preform  shape.  The  small  dies  used  for  forging  are 
designated  R-475.  All  forging  operations  were  conducted  on  a 
1500-ton  hydraulic  press.  Approximate  dimensions  of  the  cogged 
preform  are  shown  in  Figure  2(a).  A  photograph  of  the  cogged 
preform  is  shown  in  Figure  2(b).  Blocker  and  finish  shape  are 
shown  in  Figure  3  and  4,  respectively.  Drawings  showing  the 
blocker  and  final  forging  dimensions  are  given  in  Figures  5(a) 
and  5(b),  respectively. 

The  cogging  operation  was  performed  at  1750°F.  The  cogged 
preform  was  then  heated  to  the  specified  forging  temperature,  and 
held  at  this  temperature  for  30  minutes  to  obtain  thermal  equili¬ 
brium  throughout  the  mass.  The  preform  was  then  quickly  removed 
from  the  furnace  into  the  preheated  dies  (720  to  740°F)  and  forged. 
It  takes  less  than  30  sec  to  move  the  part  from  the  furnace  into 
the  dies  and  forge. 

The  five  forging  conditions  selected  for  evaluation  are  listed 
below: 

1)  Conventionally  forged  in  alpha-beta  range  at  T 
-80°F  (1750°F) ; 

2)  Beta  forged  at  T  +  50°F  (1880°F) ; 
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3)  Beta  forged  at  T  +  120°F  (1950°F) ; 

B 

4)  Beta  forged  at  T  +  270°F  (2100°F) ; 

B 

5)  Two-stage  forging,  blocked  at  T  +  270°F  (2100°F) 

B 

and  finished  at  T  -  80°F  (1750°F) . 

B 

Blocker  and  finish  forging  is  performed  at  the  same  tempera¬ 
ture  with  the  exception  of  the  two-stage  forging.  After  forging, 
all  material  was  annealed  (1300°F  -  2  hr,  AC)  except  for  two  T^ 

+  50°F  forgings  which  were  solution-treated  and  aged  (1725°F  -  1 
hr,  H2O  quench,  1000°F  -  4  hr,  AC). 

All  forgings  are  identified  with  a  serial  number  and  sec¬ 
tioned  into  12  specimen  blanks  as  shown  in  Figure  6.  A  cross 
reference  between  forging  condition  and  serial  number  is  shown 
in  the  appendix,,  Table  VII.  Each  specimen  blank  is  stamped  on  the 
end  with  the  appropriate  forging  serial  number  and  location  desig¬ 
nation  so  that  mechanical  behavior  can  be  checked  against  specimen 
location  in  the  forging. 
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(b)  Photograph  of  Cogged  Preform 


Figure  2  Cogged  Preform,  Ti  6Ai-4V 
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Figure  3  Photograph  of  Blocker  Shape,  Ti  6M.-4V  (Mag.  2/3X) 
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(a)  Blocker  Forge  Dimensions 


t 


3,20^^’  Section  B-B 


Figure  5  R-475  Forging 
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One  forging  representative  of  each  forging  condition  has  been 
sectioned  for  metallurgical  examination.  These  sample  forgings 
were  sectioned  as  shown  in  Figure  7.  The  etched  macrostructures 
and  microstructures  for  all  forging  conditions  are  shown  in  Fig¬ 
ures  8  thru  12.  Notice  the  larger-grain  structure  in  the  beta 
forgings  when  compared  to  the  conventional  forging  in  Figure  12. 

The  flow  lines  are  quite  distinct  in  the  conventional  and  two- 
stage-forged  material  but  are  not  easily  discerned  in  the  three 
beta-forged  photomacrographs.  This  indicates  that  this  forging 
configuration  has  produced  uniform  working  of  the  beta  grain  and 
should  yield  uniform  properties  in  the  bulk  of  the  forged  mass. 

This  worked  grain  structure  is  very  desirable  in  beta  forged  mate¬ 
rial,  which  would  otherwise  be  brittle;  and  is  of  little  signifi¬ 
cance  in  the  alpha-beta-forged  material. 

The  photomacrographs  also  show  an  equiaxed  layer  of  grains 
on  the  top  and  side  surfaces  of  the  beta  finished  forgings.  When 
the  beta-forged  blocker  is  reheated  into  the  beta  temperature 
range  for  the  finish  forging  operation  the  entire  forging  is  re¬ 
crystallized.  When  the  forging  is  placed  in  the  die  and  the  die 
is  closed,  the  surface  of  the  part  in  contact  with  the  die  face 
cools  very  rapidly  and  does  not  flow  in  the  die.  This  results  in 
a  "dead  metal"  zone  at  the  surface  of  the  forging.  This  region 
of  nonuniformity,  i.e.,  the  dead  zone,  does  not  extend  too  far 
into  the  material  block  and  is  subsequently  machined  away  when 
the  reduced  section  of  the  specimen  is  made. 

The  shape  of  the  alpha  platelets  in  the  completely  beta- 
forged  parts  are  very  similar.  However,  the  alpha  platelets  in 
the  two-stage  forging  are  thicker  than  in  the  beta  forgings.  This 
change  in  shape  is  a  result  of  heating  in  the  alpha-rich  region 
of  the  phase  diagram  during  the  finish-forging  operation. 

It  was  also  decided  to  evaluate  the  effect  of  beta  forging 
on  6A£-4V  titanium  in  the  solution-treated  and  aged  condition 
(STA) .  Material  used  for  this  evaluation  was  beta  forged  at  1880°F 
in  the  usual  manner,  cut  into  specimen  blanks,  and  heat  treated. 
Heat  treating  these  small  blanks  helped  assure  uniform  hardening 
that  could  not  be  obtained  if  heat  treating  was  per  formed  on  the 
forged  block. 

The  STA  condition  was  achieved  by  solution  treating  at  1725°F 
for  1  hr,  water  quenching,  and  aging  at  1000°F  for  4  hr. 
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Macro 
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Figure  7  Drawing  of  Test  Forging  Showing  Macro  and  Micro  Location 


Neg.  6805  500X 


Figure  8 


Photographs  of  Macrostructure 
Forged  above  the  Beta  Transus 


and  Microstructure  of  Material 
at  Tb  4-  50°F 
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Neg. 


Approx  IX 


Figure  9  Photographs  of  Macrostructure  of  Material  Forged  above  the 
Beta  Transus  at  T  +  120°F 

D 
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Figure  10  Photographs  of  Macrostructure  and  Microstructure  of  Material 
Forged  above  the  Beta  Transus  at  T  +  270°F 

D 
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500X 


Figure  11  Photographs  of  Macrostructure  and  Microstructure  of  Two-Stage 
Forged  Material,  Blocking  at  T  +  270°F  and  Finishing  at 
Tb  -  80°F 
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Keg.  6803  500X 


Figure  12  Photographs  of  Macrostructure  and  Microstructure  of  Material 
Conventionally  Forged  Below  the  Beta  Transus  at  -  80°F 
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SECTION  III 


PROGRAM  PLAN 


The  test  plan  prepared  for  this  program  was  designed  to  pro¬ 
vide  a  rather  extensive  evaluation  of  processing  and  fabrication 
variables  within  the  framework  of  a  limited  number  of  experimental 
determinations.  This  was  accomplished  by  separating  the  evalua¬ 
tion  into  two  distinct  areas  of  study:  forging  temperature  ef¬ 
fects  and  surface  preparation  effects.  Room  temperature  fatigue 
strength  was  used  as  the  major  criterion  for  establishing  relative 
performance.  Axial  loading  was  employed  to  permit  evaluation  at 
different  stress  ratios  and  because  this  loading  mode  is  the  most 
common  and  can  be  easily  correlated  to  other  loading  environments. 
Table  II  summarizes  the  test  plan. 

Conventional-alpha-beta-forged  material  was  evaluated  to  pro¬ 
vide  a  baseline  of  comparison  for  the  other  forging  conditions. 

The  effect  of  forging,  blocking  and  finishing,  above  the  beta 
transus  was  determined  at  three  temperatures.  In  addition,  some 
material  was  blocked  above  the  beta  transus  and  finished  below  the 
beta  transus.  The  optimum  forging  temperature  was  then  selected 
from  these  five  forging  procedures  for  further  evaluation.  One 
group  of  beta  forgings  was  solution  treated  and  aged  to  determine 
the  effect  of  heat  treatment. 

The  fatigue  evaluation  was  performed  using  notched  and  un¬ 
notched  test  specimens  at  three  A^-ratios  (°°»  0.9^  0.33).  Cycle 
life  was  controlled  within  the  range  of  104  to  10 '  cycles  to  fail¬ 
ure.  At  least  10  tests  were  performed  for  each  set  of  conditions 
and  a  corresponding  best  fit  S-N  curve  was  drawn.  These  curves 
were  then  used  to  construct  constant  life  diagrams. 

The  effect  of  machining  or  processing  was  studied  by  deter¬ 
mining  the  fatigue  properties  after  imposing  a  variety  of  con¬ 
trolled  surface  finishes  on  conventional  and  optimum  forged  6A£- 
4V  titanium  material. 


1  bci 

*A  =  — ,  where  Sa  =  stress  amplitude,  and  Sm 
Sm 


mean  stress. 
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Number  of  specimens  for  indicated  condition 
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Chemically  milled  (125  rms  or  better) 
Late-turned  and  shot  peened 
Ground  and  shot  peened 

Total  tests 

*Alpha-Beta/Beta  transformation  temperature. 


SECTION  IV 


EXPERIMENTAL  PROCEDURE 


1.  TEST  SPECIMEN  DESIGN 

Round  bar  specimens  were  selected  for  both  static  and  dynamic 
testing.  The  round  bars  were  selected  primarily  because  they  are 
somewhat  more  amenable  to  surface  conditioning.  For  axial  load¬ 
ing,  smooth  specimen  shape  does  not  appear  to  significantly  affect 
fatigue  behavior,  which  is  in  contrast  to  reversed  bending  in 
which  stress  gradients  and  critical  volume  subjected  to  peak 
stresses  appear  to  have  an  effect. 

Our  unnotched  and  notched  tensile  specimens  were  designed  in 
general  accordance  with  standard  ASTM  specifications. 

Fatigue  specimens  were  specially  designed  to  provide  simplic¬ 
ity  of  installation  and  accuracy  of  alignment.  The  scheme  incor¬ 
porates  a  bearing  shoulder  at  the  end  of  the  threaded  section  for 
alignment  and  locking,  as  opposed  to  aligning  on  threads,  which 
is  commonly  done.  Using  threads  for  alignment  is  a  poor  practice 
and  should  be  avoided  whenever  possible.  The  advantage  of  this 
system  is  that  only  two  close  tolerance  alignment  surfaces  are  re¬ 
quired.  The  specimen,  when  locked  with  a  preloaded  nut  at  each 
end  of  the  threaded  bar,  can  be  subjected  to  a  tension-compression 
loading  cycle  that  is  continuous  through  zero.  A  torque  of  ap¬ 
proximately  400  in. -lb  is  used  for  preloading  each  nut  and  is  ap¬ 
plied  without  twisting  the  specimen. 

The  notch  configuration  in  tensile  and  fatigue  specimens  was 
designed  to  a  theoretical  stress  concentration  factor  of  3.0. 

The  physical  relationships  required  to  obtain  the  stress  concen¬ 
tration  are  delineated  in  Peterson2  and  were  balanced  with  the 
load  capacity  available  for  testing  and  manufacturing  considera¬ 
tions  to  arrive  at  the  final  specimen  design. 

The  unnotched  specimen  was  designed  with  a  large  gage  section 
radius,  9.0  in.,  which  has  a  theoretical  stress  concentration  of 
1.0.  Actually,  a  3.0-in.  radius  is  sufficient  to  prevent  stress 
concentration,  but  a  9.0-in.  radius  was  selected  for  additional 


^R.  E.  Peterson:  Stress  Concentration  Design  Factors.  John 
Wiley  &  Sons,  Inc.,  N.  Y. ,  1962. 
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assurance.  This  large  section  radius  is  used  to  preclude  scatter. 
&n  advantage  is  gained  by  subjecting  a  smaller  portion  of  the 
specimen  to  the  maximum  stress,  and  therefore  reducing  the  proba¬ 
bility  that  a  defect  or  metallurgical  nonhomogeneity  will  occur 
in  this  small  area. 

All  test  specimens  were  machined  from  3/4- in. -square  blanks 
cut  from  the  forging.  Specimen  orientation  and  location  designa¬ 
tions  are  shown  in  Figure  6. 

Four  types  of  test  specimens  were  used  for  this  program. 

They  are  tensile,  notched  tensile,  smooth  fatigue,  and  notched 
fatigue.  Specimen  designs  are  shown  in  Figures  13  and  14.  The 
smooth  fatigue  specimen  configuration  was  used  for  all  forging 
and  surface  effect  studies. 

2.  SPECIMEN  PREPARATION 

a.  Forging  Effect  Studies.  Smooth  fatigue  specimens  were 
polished  using  techniques  described  in  ASTM,  STP-91,  Section  IV. 
These  specimens  must  pass  visual  inspection  that  requires  a  sur¬ 
face  finish  classified  as  4-L  using  visual  surface  roughness  gages. 
Several  specimens  have  been  inspected  with  a  surface  profilometer . 
Agreement  between  visual  and  profilometer  surface-roughness  meas¬ 
urements  was  good. 

Notched  fatigue  specimens  require  notch-root  polishing 
to  obtain  an  accurate  stress  concentration  and  to  remove  scratches 
and  worked  material  at  the  root  of  the  notch. 

The  recommended  procedure3  for  polishing  notches  is  to 
load  polishing  compound  on  a  metal  wire  and  draw  the  wire  through 
the  notch  as  the  specimen  is  rotated.  This  method  has  proved  to 
be  effective  for  our  notched  specimens  if  a  suitable  metal  wire 
and  polishing  compound  is  used.  In  the  technique  developed  for 
this  work,  tungsten  wire,  0.030-in.  diameter,  with  DuPont  606  pol¬ 
ishing  compound,  was  selected  for  polishing  the  6A£-4V  titanium 
alloy  specimens.  Satisfactory  polishing  rates  were  not  achieved 
when  softer  metal  was  used  as  the  wire  carrier.  The  DuPont  com¬ 
pound  contains  silica  as  an  abrasive  in  a  water  soluble  carrier. 

The  carrier  is  composed  of  kerosene,  water,  and  calcium  hydrate. 
This  compound  has  the  consistency  of  soft  butter  and  adheres  well 
to  the  metal  wire. 


3Manual  on  Fatigue  Testing.  ASTM,  STP  91 . 
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Tension 


Specimen 


1.13 

+  0.02 

— t- 


1.56 


+  0.03 


0.300 
' +03  003" 


/ 


7\_ 


0.625 

+  0.010 


3/8  inch  Radius 


Note; 

1. 

Diameter  of  reduced  section  can  taper 

slightly  to  center,  0.003  in. 

is  acceptable. 

2. 

Do  not  under  cut  at  reduced  section  radius. 

3. 

Polish  reduced  section  until  scratches  are 

removed . 

Notched  Tension  Specimen 
- 6.00  +  0.050 - 


1.13 


1.56 


| 

+0.02  \ 

- \ 

/  ±0'°3 

0.300 

0.480  in. 

'  0.0625 

+0.003 

+0.004 

+0.010 

's _ 

-  R  0.016 

+0.001 


Note: 

1. 

Notch 

root  radius  is 

critical 

and  must  be  inspectec 

optically 

after 

machining . 

2. 

Root  o 

f  notch  should 

be  polished 

to  remove  all  scratch 

es . 

3. 

La  the 

turned  finish  i 

s  acceptable 

except 

for  notch. 

Figure  13  Round  Tension  and  Notched  Tension  Specimen  Designs 
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Radius  -  9.00  ±  0.10 


(a)  Smooth 


Figure  14  Smooth  and  Notched  Fatigue  Specimen  Designs 


0.003 
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The  tungsten  wire  is  held  in  a  coping  saw  frame  where  it 
can  be  manipulated  easily.  The  wire  is  not  allowed  to  remain  in 
one  position  during  polishing,  but  is  rotated  and  drawn  into  dif¬ 
ferent  areas  where  fresh  compound  is  present.  A  slight  pressure 
is  applied  between  the  wire  and  specimen  during  polishing.  The 
specimen  is  rotated  in  a  lathe  at  a  speed  of  approximately  150 
rpm.  After  a  short  period  of  polishing  the  compound  is  washed 
from  specimen  and  wire  for  optical  inspection.  A  profile  view  of 
a  typical  notched  specimen  before  and  after  polishing  is  shown  in 
Figure  15.  Notch  tension  specimens  are  also  polished  using  the 
above  procedure . 

b.  Surface  Effect  Studies. 

(1)  Lathe-Turned  Surface.  Fatigue  specimens  requiring 

a  lathe-turned  (nominal  63  rms)  surface  finish  were  machined  using 
a  procedure  similar  to  that  used  for  smooth  fatigue  specimens  in  ^ 
the  forging  effect  studies.  Although  these  specimens  required  no 
polishing,  the  surface  finish  was  controlled  by  using  a  special 
technique  that  helped  eliminate  variation  between  each  specimen. 

This  lathe-turned  finish  was  obtained  by  making  the 
last  finish  lathe  cut  with  a  special  tool.  This  tool,  used  only 
for  the  final  cut  on  all  specimens,  remains  sharp  and  retains  its 
profile  for  a  longer  period  of  time.  Rake  angle  and  lathe  speed 
and  feed  are  held  constant.  Surface  roughness  readings  were  taken 
on  each  lathe-turned  specimen.  Readings  on  all  specimens  were  30 
to  60  rms.  A  photomicrograph  of  a  sectioned  lathe-turned  speci¬ 
men  is  shown  in  Figure  16.  Some  compression  and  distortion  of  the 
grains  near  the  surface  can  be  observed  in  this  figure. 

Figures  16  thru  20  show  surface  profile  photos  be¬ 
fore  and  after  etching.  Both  conditions  are  presented  because  of 
the  difficulty  experienced  in  retaining  edge  definition  after  etch¬ 
ing.  To  help  solve  this  problem,  a  nickel  coating  was  electro- 
deposited  on  the  surface  of  the  titanium.  This  procedure  was  quite 
successful  if  the  nickel  was  deposited  in  sufficient  thickness, 
e .g . ,  Figure  20 . 

(2)  Chemically  Milled  Surface.  A  chemically  milled  sur¬ 
face  finish  was  obtained  by  polishing  and  chemically  milling  the 
reduced  section  of  oversize  (test  section  only)  lathe-turned  fa¬ 
tigue  specimens.  During  chemical  milling,  the  diameter  of  each 
fatigue  specimen  is  reduced  from  0.285  ±  0.002  to  0.250  i  0.002 

in . 
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(a)  Notch  Profile  before  Polishing 


(b)  Notch  Profile  after  Polishing 


Figure  15  Notched  Profiles  Before  and  After  Polishing, 
Magnification  30X 
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(a)  Surface  Profile  before  Etching,  200X 


(b)  Surface  Profile  after  Etching,  400X 
Figure  16  Surface  Profile  Photographs  of  Lathe -Turned  6A4-4V  Titanium  Alloy 
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(a)  Surface  Profile  before  Etching,  200X 


(b)  Surface  Profile  after  Etching,  400X 


Figure  17  Surface  Profile  Photographs  of  Chemically  Milled  6A£-4V  Titanium  Alloy 
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k 

(a)  Surface  Profile  before  Etching,  400X 


Figure  18  Surface  Profile  Photographs  of  Ground  6A.2-4V  Titanium  Alloy 
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(a)  Surface  Profile  before  Etching,  400X 


(b)  Surface  Profile  after  Etching,  400X 


Figure  19  Surface  Profile  Photographs  of  Lathe  Turned  and  Shot-Peened  6A£-4V 
Titanium  Alloy 
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(a)  Surface  Profile  before  Etching,  400X 


(b)  Surface  Profile  after  Etching,  400X 


Figure  20  Surface  Profile  Photographs  of  Ground  and  Shot-Peened  6A£-4V 
Titanium  Alloy 
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Surface  roughness  readings  were  also  taken  on  these 
chemically  milled  specimens.  All  readings  were  in  the  range  of 
15  to  25  rms .  This  relatively  smooth  surface  was  obtained  by  us¬ 
ing  a  weak  etching  solution  containing  HF ,  HNO3  acids,  and  a  wet¬ 
ting  agent.  The  slow  etching  rates  realized  (0.005  in. /min)  pre¬ 
vented  pitting  and  nonuniform  material  removal .  The  smooth  uni¬ 
form  surface  can  be  observed  in  Figure  17. 

(3)  Ground  Surface.  Surface-ground  fatigue  specimens 
were  obtained  by  initially  machining  an  oversize  (test  section 
only)  smooth  fatigue  specimen  from  the  as-received  blank.  This 
specimen  was  then  surface-ground  transverse  to  the  loading  axis . 
The  grinding  was  performed  only  in  the  central  reduced  section  of 
the  specimen.  The  grinding  wheel  (1.0-in.  wide  by  8-in.  dia) , 
rotating  at  approximately  3000  rpm,  is  turned  against  the  speci¬ 
men.  The  specimen,  which  is  rigidly  held  between  centers,  is 
slowly  rotated  as  each  cut  is  made  with  the  grinding  wheel.  The 
central  diameter  of  the  specimen  is  reduced  from  0.275  to  0.250 
±  0.002  in.  during  grinding  at  a  rate  of  approximately  0.005  in. 
per  pass  . 


The  grinding  wheel  used  for  this  operation  is  spe¬ 
cially  prepared  with  its  grinding  surface  dressed  to  a  radius  of 
4.0  in.  This  radius,  which  is  mathematically  determined,  results 
in  a  smoothly  tapered  reduced  section  free  of  the  dimensional  ir¬ 
regularities  that  might  produce  stress  concentration. 

Surface  roughness  measurements  obtained  from  these 
ground  specimens  were  20  to  30  rms,  which  is  very  close  to  the 
nominal  contract  requirement  of  32  rms.  This  ground  surface  can 
be  observed  in  Figure  18.  Very  little  grain  distortion  is  observed 
in  this  photograph. 

(4)  Shot  Peened  Surface.  Shot  peening  was  performed 
with  glass  shot  rather  than  steel  shot  to  prevent  corrosion. 

Small  particles  of  the  material  used  for  peening  become  imbedded 
in  the  surface  of  the  part.  This  causes  no  problem  if  the  mate¬ 
rial  is  chemically  inert  to  the  parent  metal,  but  iron  in  the 
presence  of  a  small  amount  of  moisture  would  cause  a  galvanic  cor¬ 
rosion  site  on  the  surface  of  the  titanium  and  may  be  detrimental . 

The  smooth  fatigue  specimens  were  indexed  in  the 
shot  stream  to  obtain  a  uniform  shot-peening  intensity  over  the 
reduced  section  of  the  specimen.  All  specimens  were  shot  peened 
to  an  intensity  of  0.10A  ±  0.01.  The  intensity  was  monitored 
with  an  almen  strip,  which  is  subjected  to  the  identical  shot 
peening  environment  as  the  specimen. 
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Shot  peening  was  always  performed  subsequent  to 
lathe  turning  or  grinding.  The  results  of  these  two-step  surface 
preparations  are  shown  in  Figures  19  and  20.  Notice,  these  sur¬ 
faces  are  very  irregular  when  compared  to  previous  surface  micro¬ 
photographs  . 

3  .  TEST  DESCRIPTION 

a.  Tension  Testing.  Tension  tests  were  performed  in  a  con¬ 
ventional  B-L-H  universal  testing  machine.  Strain  was  measured 
on  each  specimen  using  bonded  strain  gages,  and  a  strain-beam  ex- 
tensometer.  The  strain  gage  output  was  used  for  accurate  modulus 
and  yield  strength  determination,  while  the  high  elongation  exten- 
someter  allowed  complete  measurement  of  the  load-strain  curve. 

Two  strain  gages  were  bonded  to  opposite  surfaces  of  each  speci¬ 
men  to  cancel  bending  effects.  Strain  rate  was  controlled  at 
0.005  in. /in. /min  to  yield,  and  then  increased  and  maintained  at 
0.05  in. /in. /min  until  failure.  Our  test  machines  are  certified 
to  an  accuracy  of  ±1.0%  of  indicated  load.  The  test  machines  are 
calibrated  and  certified  on  a  semiannual  basis.  Strain  recorders 
are  calibrated  immediately  before  each  use  by  applying  a  known 
strain  signal  to  the  recorder,  through  the  sensing  element  to  be 
used,  and  noting  the  corresponding  deflection  of  the  record  drum. 

b.  Notch  Tension  Testing.  Notch  tension  tests  were  also 
performed  in  the  B-L-H  testing  machine.  All  tests  were  conducted 
at  a  constant  platen  speed  of  0.01  in. /min  to  failure. 

c.  Axial  Fatigue  Testing.  All  fatigue  testing  for  this  pro¬ 
gram  was  performed  using  axial  load,  rotating-eccentric-mass  ma¬ 
chines.  A  photograph  of  the  Fatigue  Laboratory  at  the  Denver  Divi¬ 
sion  is  shown  in  Figure  21.  Shown  is  a  IVY-12,  a  Baldwin  Sonntag 
SF-10U,  and  two  Baldwin  Sonntag  SF-1U  fatigue  machines.  All  ma¬ 
chines  used  are  equipped  with  automatic  static-load  controllers 
that  automatically  maintain  a  constant  static  load  independent  of 
specimen  elongation. 

The  specimen  and  adapters  (Figure  22)  have  been  designed 
to  maintain  and  provide  good  specimen  alignment  even  for  a  fully 
reversed  load  cycle  (A  =  °°)  .  Alignment  of  fixture  and  specimen 
is  maintained  by  periodic  checking  with  a  strain-gaged  alignment 
cell . 

All  fatigue  machines  are  load -cal ibrated  on  a  routine 
periodic  basis . 
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Figure  21  Fatigue  Laboratory  at  Martin  Marietta 
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Figure  22  Smooth  Fatigue  Specimens,  Adapters,  and  Alignment  Cell 


SECTION  V 


TEST  RESULTS  AND  DISCUSSION 


1.  FORGING  EFFECTS 

Tensile  data  for  all  forging-conditions  studied  are  presented 
in  Table  III.  An  examination  of  the  data  reveals  that  strength 
properties  are  virtually  unaffected  by  beta  forging.  While  some 
ductility  has  been  lost  during  beta  forging,  this  loss  is  not  large 
enough  to  detract  from  the  usefulness  of  the  material.  The  two- 
stage  forging  shows  a  ductility  level  similar  to  that  exhibited 
by  alpha-beta  forging.  These  data  are  in  good  agreement  with  the 
available  data  from  the  literature. 

The  forging-effect  fatigue  results  are  presented  in  tabular 
form  in  the  appendix,  plotted  as  S-N  curves  in  Figure  23  thru  47, 
and  summarized  in  Constant  Life  Diagrams  (Figure  48,  49  and  50) 
and  in  Tables  IV  and  V. 

The  effect  of  stress  amplitude  ratio  (A-ratio)  on  the  S-N 
curves  for  smooth  and  notched  alpha-beta  forged  6A£-4V  titanium 
alloy  is  shown  in  Figures  23  thru  28.  The  constant-life  diagram 
in  Figure  48  is  constructed  from  these  basic  S-N  curves  and  il¬ 
lustrates  the  influence  of  A-ratio  on  fatigue  life  for  the  conven¬ 
tional-forged  material.  The  trends  illustrated  here  are  in  gen¬ 
eral  agreement  with  other  results  on  the  effect  of  stress  ratio 
on  fatigue  strength.  These  fatigue  data  are  also  presented  in 
Tables  IV  and  V  as  baseline  data  for  comparison  with  the  other 
forging  procedures. 

The  effect  of  forging  at  temperatures  of  50,  120,  and  270°F 
above  the  beta  transus  is  expressed  by  S-N  curves  in  Figures  29 
thru  44.  Initially,  before  the  optimum  forging  temperature  was 
selected,  specimens  representing  each  forging  condition  were 
tested  at  the  single  A-ratio  of  0.9.  This  was  an  efficient  way 
to  obtain  sufficient  fatigue  data  with  which  to  choose  the  op¬ 
timum  forging  temperature. 

The  effect  of  forging  temperature  can  be  easily  seen  in  Fig¬ 
ures  51  and  52  and  Table  IV.  The  two  figures  were  constructed 
by  group  plotting  the  best  fit  S-N  curves  obtained  at  the  five 
forging  temperatures  and  the  single  A  ratio,  0.9.  Examining 
these  two  curves,  indicates  that  beta  forging  offers  no  signifi¬ 
cant  advantage  to  conventional  forging  except  at  107  cycles  or 
until  the  fatigue  limit  is  approached.  The  better  performance 
at  the  longer  lifetimes  is,  of  course,  very  desireable  because 
the  fatigue  limit  is  the  basis  for  material  selection  in  many 
design  applications. 
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Table  III  Mechanical  Properties  of  6A2-4V  Titanium  for  Five  Forging  Conditions,  Heat  No.  293882 
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Figure  23  S-N  Curve  for  6A^-4V  Titanium  Alloy  Finish  Forged  at  1750°F  (T. 
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Figure  25  S-N  Curve  for  6Ai-4V  Titanium  Alloy  Finish  Forged  at  1750°F  /T  -  80°F 
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Figure  27  S-N  Curve  for  6Ai-4V  Titanium  Alloy  Finish  Forged  at  1750°F  fT  -  80°F 
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Figure  28  S-N  Curve  for  6A i~hV  Titanium  Alloy  Finish  Forged  at  1750°F  ( -  80°F| 
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Figure  31  S-N  Curve  for  6Ai-4V  Titanium  Alloy  Finish  Forged  at  1950°F  tl  +  120°F 
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Figure  32  S-N  Curve  for  6AX-4V  Titanium  Alloy  Finish  Forged  at  1950°F  (T  +  120°F 
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Figure  33  S-N  Curve  for  6A^-4V  Titanium  Alloy  Finish  Forged  at  1950°F 


00 

o 


(ts^)  ssaaqs  tunuixxHW 


O 

>s 

U 


rd 

B 

3 


47 


Figure  34  S-N  Curve  for  6Ai-4V  Titanium  Alloy  Finish  Forged  at  1950°F  /T  +  120°F 
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Figure  35  S-N  Curve  for  6AU-4V  Titanium  Alloy  Finish-Forged  at  1950 °F  +  120°F^ 
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Figure  37  S-N  Curve  for  6Af-4V  Titanium  Alloy  Finish  Forged  at  2100°F  (T  +  270°F 
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Figure  38  S-N  Curve  for  6Ai-4V  Titanium  Alloy  Finish  Forged  at  2100°F  /  T  +  270°F 
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Figure  39  S-N  Curve  for  6Ai-4V  Titanium  Alloy  Finish  Forged  at  1750°F  (Blocked 
T„  +  270°F  and  Finished  at  -  80oF4 
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Figure  41  S-N  Curve  for  6Af-4V  Titanium  Alloy  Finish  Forged  at  1750°F  (Blocked 
Tg  +  270°F  and  Finished  at  T  -  80°F) 
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Figure  43  S--N  Curve  for  6Ai -4V  Titanium  Alloy  Finish  Forged  at  1750°F  (Blocked 
T  +  270°F  and  Finished  at  T  -  80°F) 
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Figure  44  S-N  Curve  for  6A7-4V  Titanium  Alloy  Finish  Forged  at  1750°F 
(Blocked  at  T  +  270°F  and  Finished  at  T  -  80°F) 
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Figure  45  S-N  Curve  for  STA  6A^-4V  Titanium  Alloy  Finish  Forged  at  1880°F  (T  +  50°F) 
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Figure  47  Fatigue  Properties  of  Solution-Treated  and  Aged  Parent  Metal  6A1-4V  Titanium  Alloy* 
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Figure  48  Constant-Life  Diagram  for  Conventionally  Forged  6Ai-4V  Titanium 
Alloy  in  Annealed  Condition 
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Figure  49  Constant-Life  Diagram  for  Beta-Forged  +  120°F^  6A£-4V  Titanium 
Alloy  in  Annealed  Condition 
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Figure  50  Constant-Life  Diagram  for  Two-Stage  Forged  6A  -4V  Titanium  Alloy 
in  Annealed  Condition 


Table  IV  Summary  of  Forging  Effects  Fatigue  Data 
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Table  V  Summary  of  Fatigue  Data  for  Conventional,  Beta  (T  +  120°F),  and  Two- 
Stage-Forged  6AX-4V  Titanium  Alloy  B 
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Figure  51  Summary  of  Forging  Temperature  Effects  on  Smooth  Fatigue 
Strength  of  6A1-4V  Titanium  Alloy  (A  =  0.9) 
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Figure  52  Summary  of  Forging  Temperature  Effects  on  Notched  Fatigue 
Strength  of  6A1-4V  Titanium  Alloy  (K  =  3.0,  A  =  0.9) 


Another  interesting  trend  that  can  be  observed  from  Table  IV 
is  that  a  higher  forging  temperature  reduces  the  fatigue  limit  of 
the  unnotched  specimens.  This  detrimental  effect  is  most  apparent 
if  one  compares  the  material  forged  at  1880°F  with  material  forged 
at  2100 °F,  or  the  two-stage  forged  material.  Although  the  long¬ 
term  fatigue  strength  was  greatest  for  the  material  forged  at 

T  +  50°F,  the  material  forged  at  T  +  120°F  was  nearly  as  strong; 

B  B 

this  trend  was  reversed  for  the  notched  specimen  data.  Since  the 
long-term  fatigue  strength  is  more  important  for  most  design  appli¬ 
cations,  the  choice  of  an  optimum  beta-forging  temperature  seemed 
to  be  between  1880 °F  and  1950 °F. 

A  higher  forging  temperature  offers  the  advantages  of  improved 
forgeability  and  longer  forge-die  life.  Less  force  is  required  to 
forge  parts  and  shape  definition  is  improved  because  the  material's 
resistance  to  plastic  flow  is  reduced.  Since  the  two  forging  tem¬ 
peratures  produced  material  with  similar  tensile  and  fatigue  pro¬ 
perties,  the  higher  forging  temperature,  T^  +  120°F,  was  selected 
on  the  basis  of  better  forgeability. 

After  selection  of  the  optimum  forging  temperature,  more  fa¬ 
tigue  testing  was  performed  to  determine  the  effect  of  stress  ratio 
on  the  optimum  beta-forged  |T^  +  120°f|  and  two-stage-forged  mate¬ 
rial.  These  results  are  summarized  in  the  constant  life  diagrams, 
Figure  49  and  50,  and  in  Table  V.  Examination  of  Table  V  shows 
that  the  beta-forged  material  is  stronger  for  A  =  0.9  or  0.33,  but 
is  weaker  for  reversed  loading.  The  two-stage-forged  material 
offers  no  particular  advantage  at  any  stress  ratio.  The  data  are 
also  very  consistent  between  smooth  and  notched  fatigue  results, 
e.g.,  if  the  beta-forged  material  is  strongest  in  smooth  condition 
it  is  also  strongest  in  notched  fatigue.  The  two-stage-forged 
material  does  not  seem  to  be  quite  as  sensitive  to  reversed  load¬ 
ing  (especially  notched)  as  the  beta-forged  material. 

The  S-N  curves  for  6Ai-4V  titanium  alloy  in  STA  condition  are 
presented  in  Figures  45  and  46.  Since  no  conventional-forged  STA 
material  was  evaluated  in  this  program,  a  representative  S-N  curve 
was  obtained  from  a  previous  testing  program  conducted  at  Martin 
Marietta  and  is  presented  in  Figure  47.  The  STA  material  tested 
in  both  programs  have  similar  chemistry  and  tensile  properties  but 
vary  in  product  form,  the  previous  testing  being  performed  on 
0.100-in.  sheet. 

Comparison  of  these  two  S-N  curves  (Figure  46  and  47)  reveals 
that  the  beta-forged  STA  material  is  significantly  stronger  than 
the  conventional -forged  STA  material  at  life  times  of  105 ,  10s ,  and 
107  cycles.  Therefore,  heat  treating  subsequent  to  beta-forging 
has  not  eliminated  the  improved  fatigue  properties  that  were 
realized  from  the  annealed  material. 
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The  S-N  curve  for  annealed  beta-forged  4  50°Fj  material  is 

shown  as  a  dashed  line  in  Figure  46.  The  effect  of  heat  treatment 
can  be  observed  by  comparing  the  two  curves  in  this  figure  and 
values  in  Table  IV.  Notice  that  the  strengthening  mechanism  of 
heat  treating  has  significantly  improved  shorter  lifetime  fatigue 
properties.  This  is  to  be  expected  from  the  differences  in  tensile 
properties  between  the  two  conditions.  However,  the  fatigue  limit 
is  apparently  unaffected  by  heat  treating.  This  may  indicate  the 
fracture  toughness  of  the  material  in  these  two  conditions  is 
similar . 

2.  SURFACE  EFFECTS 

The  same  heat  of  material  was  used  for  surface  effect  studies 
as  for  forging  effect  studies.  The  material,  6Ai-4V  titanium,  was 
evaluated  in  conventional  |T^  -  80°f|  and  beta  |T^  +  120°Fj  - 

forged  condition  and  subsequently  annealed.  The  fatigue  data  for 
these  two  materials  in  the  various  surface  conditions  are  presented 
as  S-N  curves  in  Figures  53  through  61  and  are  summarized  in  Table 
VI  and  Figures  62  and  63. 

Examining  Figures  62  and  63  reveals  several  data  trends.  The 
chemically  milled  material  generally  has  the  lowest  fatigue  strength 
at  either  forging  condition.  This  is  probably  the  result  of  com¬ 
plete  removal  of  all  worked  material  from  the  surface  of  these 
specimens.  Conventionally  forged  material  in  Figure  62  showed  sig¬ 
nificant  improvement  in  fatigue  strength  as  a  result  of  grinding 
or  lathe  turning.  When  these  surface  preparations  are  followed  by 
shot  peening ,  an  improvement  is  noticed  in  short  time  fatigue  pro¬ 
perties,  but  the  material  is  more  prone  to  fracturing  and  has  the 
lowest  fatigue  strength  at  107  cycles  of  all  surface  preparations. 
Fatigue  data  for  conventional -forged  polished  specimens  (from  forg¬ 
ing  effect  studies)  showed  little  improvement  over  chemical  milled 
specimens.  This  is  possibly  the  result  of  smaller  compressive  sur¬ 
face  layer  stresses  imposed  during  polishing  as  compared  to  other 
mechanical  material  removal  techniques.  Pronounced  grain  distor¬ 
tion  was  visually  observed  in  polished  and  etched  sections  from 
lathe-turned  material  (Figure  16).  Fatigue  strength  is  often  en¬ 
hanced  by  creating  a  compressive  surface  layer  (generally  accom¬ 
plished  in  industry  by  shot  peening).  Machining  techniques  such 
as  grinding  or  turning  will  create  stress  concentrations  which  are 
detrimental  to  fatigue  strength.  Thus  there  are  the  two  factors 
present  in  a  surface  preparation  procedure,  one  helpful  and  the 
other  deleterious,  working  against  each  other  to  produce  the  end 
result.  These  effects  coupled  with  the  two  material  conditions 
with  their  different  susceptability  to  fracture  make  comparison 
of  the  surface  preparation  effects  between  the  two  materials  dif¬ 
ficult  . 
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Figure  53  S-N  Curve  for  Chemically  Milled  6A£-4V  Titanium  Alloy 
Finish  Forged  at  1750°F  (T  -  80°F) 
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Figure  54  S-N  Curve  for  Lathe-Turned  6A7-4V  Titanium  Alloy 
Finish  Forged  at  1750°F  ^T^  -  80°F^ 
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figure  55  S-N  Curve  for  Ground  6Ai-4V  Titanium  Alloy  Finish  Forged  at  1750°F  (Tg  -  80°F) 


150 

140 

130 

120 

110 

100 

90 

80 

70 

60 


O 


Number  of  Cycles  to  Failure 


Figure  56  S-N  Curve  for  Lathe-Turned  and  Shot-Peened  6Ai-4V  Titanium  Alloy 
Finish  Forged  at  1750°F  ^Tg  -  80°F) 
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Figure  57  S-N  Curve  for  Ground  and  Shot-Peened  6A£-4V  Titanium  Alloy  Finish 
Forged  at  1750°F  /tb  -  80°Fj 
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Figure  59  S-N  Curve  for  Lathe-Turned  6Ai-4V  Titanium  Alloy  Finish  Forged 
at  1950  °F  (T„  +  120 M 
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Figure  61  S-N  Curve  for  Lathe-Turned  and  Shot-Peened  6A.0-4V  Titanium  Alloy 
Finish  Forged  at  1950°F  /T  +  120°F\ 


Table  VI  Summary  of  Fatigue  Data*  for  Surface  Effect  Studies  of  Conventional 
and  Beta-Forged  6AI-4V  Titanium  Alloy 
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Figure  62  Summary  of  Surface  Effects  on  Fatigue  Strength  of  6Ai-4V  Titanium 
Alloy  Finish  Forged  at  1750°F  /T  -80°F,  A  =  0.9j 


140 


ctJ 

U-t 


jfc 


o 

>•» 

u 


rQ 

e 

3 

2 


(is)])  ssaa^s  ujnuiTXBn 


81 


Figure  63  Summary  of  Surface  Effects  on  Fatigue  Strength  of  6A/-4V  Titanium 
Alloy  Finish  Forged  at  1950°F  (T  +120°F,  A  =  0.9) 


With  the  exception  of  chemical  milling,  notice  that  each  mate¬ 
rials  reaction  to  a  particular  surface  preparation  technique  is 
different,  e.g.,  shot  peening.  The  beta-forged  material  does  not 
show  the  initial  strengthening  from  shot  peening  observed  in  the 
conventional -forged  material.  However,  the  longer-term  fatigue 
data  of  beta-forged  material  show  less  scatter  and  detrim_ental 
affect*  from  shot  peening  than  the  conventional -forged  material. 

The  higher  fracture  toughness  of  the  beta-forged  material* * 4  would 
indicate  a  higher  tolerance  for  defects  imposed  during  shot  peen¬ 
ing  and  contribute  to  the  better  long-term  fatigue  performance  of 
the  beta-forged  material  in  this  surface  condition. 

Compared  to  chemical  milling,  mechanical  material  removal 
of  the  surface  of  the  specimens  was  not  detrimental  to  fatigue  pro¬ 
perties.  Perhaps  if  the  shot  peened  surface  had  been  less  irreg¬ 
ular  (Figure  20)  scatter  would  have  been  less  frequent  and  long¬ 
term  fatigue  properties  would  have  been  enhanced.  The  irregular 
surface  may  have  been  the  result  of  the  shot  peening  intensity 
being  too  high.  For  4340  steel,  a  small  change  in  shot  peening 
intensity  causes  strong  changes  in  the  fatigue  limit.5  A  shot 
peening  intensity  of  0. 006-0. 008A  produced  failure  of  4340  speci¬ 
mens  between  1.5  -  2.5  x  106  cycles  while  a  higher  intensity  of 
0. 010-0. 012A  caused  failure  under  0.5  x  106  cycles,  all  tests 
being  conducted  with  the  same  loading  cycle. 


*(i.e.,  the  fatigue  limit  at  107  cycles  for  shot  peened  samples 

is  the  same  as  for  chemical  milled  samples.) 

4 "Boeing  Model  2707  Airframe  Design  Report,  Part  D,  Materials 
and  Processes,"  Report  V2-B2707-8,  Contract  FA-SS-66-5,  The  Boeing 
Company  (Sept.  6,  1966). 

5A.  Pomp  and  M.  Hempel :  Comparative  Investigation  of  Nickel 
and  Nickel-Free  Steels  Concerning  their  Mechanical  Characteristics, 

Especially  with  Respect  to  their  Behavior  During  Fatigue  Tests. 

Mitt.  Kaiser-Wilhelm-Inst .  Eisentorsch  Dusseldorf,  Vol.  19,  pp. 
221-236,  1937. 
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SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  fatigue  strength  of  annealed  beta-forged  |T^  +  120°F| 

6Ai-4V  titanium  alloy  was  superior  to  the  conventional -forged  ma¬ 
terial  at  the  two  stress  ratios,  A=  0.33  and  0.90.  This  trend 
was  reversed  at  A  =  «  (reversed  loading),  i.e.,  the  conventional  - 
forged  material  had  a  higher  fatigue  limit  than  the  beta-forged 
material,  although  there  was  an  overlapping  of  data  points.  This 
apparent  sensitivity  to  a  tension-compression  cycle  in  the  beta- 
forged  material  should  be  examined  more  thoroughly  by  obtaining 
more  data  at  intermediate  stress  ratios.  The  conventional  forged 
material  cannot  be  overlooked  in  such  a  test  program,  because  it 
provides  a  baseline  of  comparison.  An  examination  of  the  constant  - 
life  diagrams  for  these  two  materials  (Figure  48  and  49)  indicates 
that  the  data  from  convent ional -forged  material  was  less  uniform 
with  the  stress-ratio  parameter,  and  the  possibility  of  making  an 
invalid  comparison  on  the  basis  of  this  limited  test  program  is 
more  likely  to  occur.  With  the  advantages  of  increased  forgeabil¬ 
ity,  fracture  toughness,  and  limited  improvement  in  fatigue  strength, 
the  design  engineer  should  consider  the  beta-forging  process  su¬ 
perior  to  conventional  forging. 

The  two-stage-forged  material  yielded  fatigue  properties  that 
were  intermediate  between  properties  obtained  from  conventional 
forging  and  from  complete  beta  forging  (t  +  120°) .  If  the  two 

forging  temperatures  and  the  amount  of  finish  forging  reduction 
were  optimized  this  procedure  could  very  likely  produce  a  material 
with  superior  properties.  Fracture  toughness  properties  are  also 
needed  for  this  forging  condition. 

The  limited  fatigue  data  obtained  from  beta-forged  STA  6A(-4V 
titanium  show  that  the  improvement  in  fatigue  properties  is  re¬ 
tained  even  with  subsequent  heat  treatment.  Good  representative 
baseline  data  are  required  to  determine  if  the  improvement  changes 
with  stress  ratio  or  surface  condition. 

Examining  all  of  the  fatigue  results  for  a  possible  effect  of 
forging  location  revealed  that  there  was  some  tendency  for  fatigue 
results  to  be  higher  from  beta-forged  |T^  +  120oFj  specimens  ma¬ 
chined  from  position  Number  1  in  the  forging  block,  e.g.,  see  Fig¬ 
ures  33,  59,  60,  and  61.  This  is  possibly  the  result  of  slightly 
more  flow  and  beta-grain  working  at  that  position  in  the  forging. 
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Surface  effect  studies  indicated  that  polishing,  lathe-turning, 
or  grinding,  if  carefully  controlled,  improved  fatigue  strength 
over  the  chemical  milled  specimens.  Chemical  milling  was  used  as 
a  baseline  for  comparison  since  this  process  removes  residual  sur¬ 
face  stresses  formed  during  processing,  thus  resulting  in  essen¬ 
tially  an  energy-free  surface. 

The  broad  range  of  fatigue  results  obtained  from  this  study 
would  indicate  a  strong  need  for  standardization  of  specimen  sur¬ 
face  preparation  technique.  It  would  also  seem  logical  to  suggest 
a  technique  shunning  mechanical  material  removal  in  favor  of  chem¬ 
ically  milling.  Chemically  milling,  as  a  final  step  before  test¬ 
ing,  can  be  controlled  much  more  easily  than  mechanical  removal, 
which  has  a  multitude  of  variables,  each  requiring  a  control  and 
an  effect  relationship  which  is  undoubtably  different  for  each  ma¬ 
terial.  Chemically  milling  has  two  major  variables:  rate  of  re¬ 
movable,  depending  primarily  on  solution  strength  and  temperature, 
and  amount  or  thickness  of  material  that  must  be  removed  to  dissi¬ 
pate  effects  of  prior  machining.  These  variables  would  be  somewhat 
dependent  on  material,  but  could  be  evaluated  in  a  relatively  brief 
program. 

The  effect  of  glass  shot  peening  on  fatigue  behavior  for  the 
two  forged  materials  was  somewhat  disappointing,  i.e.,  the  fatigue 
limit  was  not  improved.  A  shot  peening  intensity  of  0.010A  is 
within  the  specifications  (MIL-S-13165B)  recommended  for  titanium, 
but  may  have  been  excessive  for  titanium  in  this  annealed  condition. 
A  rather  extensive  fatigue  evaluation  of  shot  peening  parameters 
for  titanium  is  indicated.  Such  an  evaluation  should  include  a 
two-step  process,  steel  shot  followed  by  glass  shot,  where  the 
steel  shot  can  be  used  at  a  higher  intensity,  if  needed,  without 
breakage  and  the  glass  shot  is  used  to  remove  contamination.  Such 
a  process  has  been  reported  by  others  to  significantly  improve  the 
fatigue  strength  of  titanium.6 

The  chemically  milled  beta-forged  material  gave  some  indication 
of  an  aging  phenomena,  i.e.,  fatigue  strength  increased  with  time. 
Six  additional  tests  conducted  on  this  material  did  not  provide 
sufficient  evidence  of  aging  behavior.  More  extensive  testing 
would  be  required  to  establish  this. 


6AFML  discussion  with  Steel  Improvement  Corporation. 
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APPENDIX 

TABLES 
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Table  VII  Cross  Reference  between  Forging  Serial  Number  and 
Material  Condition 


Forging  serial  number 

Forging  condition 

Heat  treatment 

1  thru  7,  20,  21,  22,  26,  27 

Conventional  -  80°Fj 

Annealed’' 

8,  9,  10,  30 

Beta  (tb  +  5  0  °  F  j 

Annealed 

11,  12,  13,  31  thru  38 

Beta  {t^  +  120°f) 

Annealed 

14,  15,  16 

Beta  (tb  +  270°f) 

Annealed 

17,  18,  19,  20a,  23,  24,  25 

Two  Stage  +  270°F 

and  Tb  -  80°F^ 

Annealed 

28,  29 

Beta  ^Tb  +  50°f) 

STAf 

*1300°F  for  2  hr,  AC. 

+1725°F  for  1  hr,  W.Q.,  1000 

for  4  hr,  AC. 
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Table  VIII  Fatigue  Data  for  Conventional -Forged  (T  -  80°f)  and  Annealed  6Ai-4V  Titanium  Alloy 
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Table  IX  Notched'  Fatigue  Data  for  Conventional-Forged  (T  -  80°Fj  and  Annealed  6A.0-4V  Titanium  Alloy 
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Table  X  Fatigue  Data'’  for  Beta-Forged  (T  +  50°F\  and  Annealed  6A2-4V 
Titanium  Alloy  ' 


Smooth 

Notched 

ii 

■u 

3  . 

°) 

Specimen 
ID  no  . 

Maximum 
stress  (ksi) 

Cycles  to 
failure 

Specimen 
ID  no  . 

Maximum 

stress 

(ksi) 

Cycles  to 
fail ure 

8-7 

130  .0 

6  .0 

X 

103 

10 

-5 

80 

0 

7 

.0 

X 

103 

8-11 

125.0 

2  .30 

X 
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8 
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71 

0 

2 

.30 

X 
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9-5 

120  .0 

4 .70 

X 
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10 
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70 

0 

1 
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X 

104 

9-1 

120  .0 

4.35 

X 
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0 

1 

.90 

X 
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2  .47 

X 

105 

10 

-6 

60 

0 

3 
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X 
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X 
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0 

1 
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X 
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X 

10l 

8-3 

92  .5 

1.16 

X 

106 

10 

-7 

45 

0 

9 

.40 

X 

104 

9-4 

90.0 

8.21 

X 

106  t 

10 

-10 

45 

0 

1 

.73 

X 

10  7  t 

10 

-9 

40  . 

0 

1 

.47 

X 

10"  t 

*  A  =  0.9. 

t  Test  discontinued  . 
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Table  XI  Fatigue  Data  for  Beta-Forged  (Tg  +  50°f|  and  Solution-Treated 


and  Aged  6AT-4V  Titanium  Alloy 


Stress 

ratio 

A  =  00 

A  =  0.9 

Specimen 

Maximum 

Cycles  to 

Specimen 

Maximum 

Cycles  to 

ID  no  . 

stress  (ksi) 

failure 

ID  no  . 

stress  (ksi) 

failure 

29-5 

110  .0 

6.0  x  103 

28-7 

140  .0 

2  .00  x  104 

29-9 

100  .0 

2 .10  x  104 

28-5 

135  .0 

3 .10  x  104 

29-1 

90  .0 

2 .70  x  104 

28-1 

130  .0 

1 .23  x  105 

29-6 

85  .0 

5.30  x  104 

28-9 

125  .0 

2.72  x  105 

29-11 

80  .0 

7  .27  x  105 

28-11 

120  .0 

3 .71  x  105 

29-2 

80  .0 

7 .81  x  105 

28-4 

115.0 

5.55  x  105 

29-7 

75.0 

2 .79  x  105 

28-10 

110  .0 

1 .63  x  106 

29-4 

72.5 

6.43  x  106 

28-2 

105.0 

8.40  x  105 

29-10 

70  .0 

3 .60  x  106 

28-3 

100  .0 

2.53  x  106 

29-12 

70  .0 

7 .50  x  106 

28-6 

95  .0 

3 .31  x  106 

28-12 

90  .0 

1.00  x  107  t 

^  Test  discontinued . 
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Table  XII  Fatigue  Data  for  Beta-Forged  /Tfi  +  120°F\  and  Annealed  6AT-4V  Titanium  Alloy 
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Table  XIII  Notched*  Fatigue  Data  for  Beta-Forged  (T  4-  I20°f)  and  Annealed  6Ai,-4V  Titanium  Alloy 


Stress  ratio 

A  =  0.33 

Cycles  to 
failure 

oooooooooooo 

i— I  i— 1  i— 4  r— 1  i— I  r—4  i— 1  t— 4  t— 1  t— 4  *— 4  1—4 

XXXXXXXXXXXX 

OOOOO4kDrg<fr0CTNCMO 

mcN<rr^cMinoO'-<oooo 

i— 1  CNJ  IT)  t— 4  i— 1  r— 4  i— 1  i— 4  O'*  i~ 4  t— 1 

Maximum 
stress  (ksi) 

100.0 

90.0 

80.0 

75.0 

70.0 

70.0 

69  .0 

67.5 

67  .5 

65.0 

65  .0 

62.5 

Specimen 
ID  no . 

36-12 

12-11 

33-4 

33-2 

33- 1 

34- 11 

34-10 

36-10 

34-4 

33- 3 

36-11 

34- 1 

A  =  0.9 

Cycles  to 
failure 

H —  H — 

ooooooooooo 

i— 4  f— 1  i- 1  i— 1  r—l  r— 1  t— 1  i- 4  i— 4  r— 1  i— 1 

xxxxxxxxxxx 

ooooooooocoom 

r— i<tcsirO'J'<J-i-4r>»<tu~>r^- 

r— 4t— im<T><fr^.ONoomf— i  •— < 

Maximum 
stress  (ksi) 

80.0 

70.0 

60.0 

55.0 

50.0 

50.0 

50.0 

47.5 

45.0 

45.0 

40.0 

Specimen 
ID  no . 
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Table  XIV  Fatigue  Data*  for  Beta-Forged  IT^  +  270°F I  and 
Annealed  6Af-4V  Titanium  Alloy  '  ' 


Smooth 

Notched  ^Kt  =  3  .oj 

Specimen 

ID  no . 

Maximum 

stress  (ksi) 

Cycles  to 
failure 

Specimen 

ID  no . 

Maximum 
stress  (ksi) 

Cycles  to 
failure 

16-9 

125.0 

1.80  x  104 

14-11 

75.0 

8.0  x  103 

15-2 

120.0 

1.00  x  104 

14-10 

70.0 

1.20  x  104 

15-7 

115.0 

1.36  x  10s 

14-6 

65.0 

3.40  x  104 

15-6 

110.0 

2.59  x  105 

14-3 

60.0 

3.50  x  104 

15-4 

105.0 

6.90  x  104 

14-4 

55.0 

9.50  x  104 

16-4 

105.0 

2.86  x  105 

14-1 

53.0 

4.51  x  10s 

15-9 

100.0 

4.20  x  104 

14-12 

50.0 

1.29  x  106 

15-3 

100.0 

5.00  x  104 

14-5 

45.0 

8.90  x  104 

16-8 

100.0 

8.93  x  105 

14-8 

45.0 

4.32  x  106 

15-12 

95.0 

1.68  x  106 

14-2 

40.0 

7.03  x  106 

15-8 

90.0 

2.20  x  106 

14-11 

35.0 

1.01  x  107+ 

15-11 

85.0 

1.59  x  106 

16-1 

85.0 

3.14  x  106 

16-12 

80.0 

5.02  x  106 

*A  =  0.9. 

+Test  discontinued. 
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Table  XV  Fatigue  Data  for  Two-Stage-Forged  and  Annealed  6A/-4V  Titanium  Alloy 
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Table  XVII  Fatigue  Data"  for  Conventionally  Forged  6Ai-4V 

Titanium  Alloy  with  the  Indicated  Surface  Condition 
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Table  XVIII  Fatigue  Data"  for  Conventionally  Forged  6AU-4V 

Titanium  Alloy  with  the  Indicated  Surface  Condition 


Surface  condition 

Lathe  turned  and  shot 

peened 

Ground  and  shot  peened 

Specimen 
ID  no. 

Maximum 
stress  (ksi) 

Cycles  to 
failure 

Specimen 
ID  no . 

Maximum 
stress  (ksi) 

Cycles  to 
failure 

26-5 

135.0 

1.50  x  104 

27-6 

140.0 

7.0  x  103 

26-6 

130.0 

1.50  x  104 

27-5 

135.0 

3.80  x  104 

26-4 

130.0 

2.96  x  105 

27-3 

130.0 

1.44  x  10s 

26-3 

125.0 

9.20  x  104 

27-2 

125.0 

3.85  x  105 

26-1 

120.0 

3.46  x  105 

27-1 

120.0 

6.17  x  105 

26-2 

115.0 

5.78  x  10s 

27-4 

115.0 

5.44  x  105 

26-7 

110.0 

9.22  x  105 

27-7 

110.0 

1.05  x  106 

26-8 

105.0 

5.09  x  10s 

27-9 

105.0 

1.60  x  106 

26-9 

100.0 

1.34  x  106 

27-10 

100.0 

5.05  x  105 

26-10 

95.0 

8.42  x  10s 

27-8 

100.0 

1.18  x  106 

26-11 

95.0 

9.21  x  10s 

27-11 

95.0 

1.14  x  106 

26-12 

90.0 

2.18  x  106 

27-12 

90.0 

2.18  x  106 

6-6 

80.0 

1.51  x  106 

21-4 

80.0 

3.49  x  106 

20-13 

70.0 

3.38  x  10s 

22-4 

70.0 

6.84  x  106 

5-11 

60.0 

1.00  x  10yt 

21-10 

60.0 

6.08  x  106 

22-1 

55.0 

1.03  x  10 yt 

*A  =  0.9. 

^Test  discontinued. 
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Table  XIX  Fatigue  Data*  for  Beta-Forged  +  120°F)  6Af-4V 

Titanium  Alloy  With  the  Indicated  Surface  Condition 


Surface  condition 

Lathe  turned 

Ground 

Specimen 

Maximum 

Cycles  to 

Specimen 

Maximum 

Cycles  to 

ID  no . 

stress  (ksi) 

failure 

ID  no . 

stress  (ksi) 

failure 

38-7 

130.0 

3.0  x  103 

37-1 

130.0 

2.30  x  104 

36-4 

130.0 

3.10  x  104 

37-2 

120.0 

1.40  x  104 

36-5 

123.0 

1.50  x  104 

37-3 

115.0 

2.20  x  104 

36-3 

120.0 

4.00  x  104 

37-5 

110.0 

3.10  x  104 

36-6 

115.0 

3.00  x  104 

37-4 

105.0 

6.40  x  105 

36-1 

110.0 

5.96  x  105 

37-6 

100.0 

3.60  x  104 

36-7 

105.0 

1.02  x  105 

37-11 

100.0 

1.84  x  10s 

36-2 

100.0 

4.97  x  105 

37-9 

95.0 

5.45  x  10s 

36-8 

95.0 

1.10  x  10s 

37-8 

90.0 

3.08  x  10s 

32-12 

90.0 

1.49  x  10s 

37-10 

85.0 

7.50  x  106 

38-6 

80.0 

5.44  x  10s 

37-7 

80.0 

3.22  x  10s 

38-7 

77.0 

1.01  x  107+ 

*A  =  0.9. 

+Test  discontinued. 
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Table  XX  Fatigue  Data*  for  Beta-Forged  (T  +  120 °F)  6Af-4V  Titanium  Alloy 

B 


with  the  Indicated  Surface  Condition 


Surface  condition 

Chemically  milled 

Lathe 

turned  and  shot  peened 

Specimen 

Maximum 

Cycles  to 

Specimen 

Maximum 

Cycles  to 

ID  no. 

stress  (ksi) 

failure 

ID  no. 

stress  (ksi) 

failure 

33-9 

130.0 

1.80  x  104 

35-2 

130.0 

7.0  x  103 

33-12 

120.0 

3.00  x  104 

35-3 

125.0 

1.30  x  104 

38-9 

115.0 

2.60  x  104 

35-1 

120.0 

1.97  x  105 

32-6 

110.0 

3.50  x  104 

35-4 

115.0 

1.54  x  105 

33-5 

100.0 

5.90  x  104 

35-5 

112.0 

1.40  x  104 

38-8 

95.0 

1.90  x  10s 

35-6 

110.0 

3.50  x  104 

33-6 

90.0 

7.40  x  104 

35-7 

100.0 

3.24  x  105 

33-8 

85.0 

1.24  x  105 

35-9 

95.0 

6.47  x  105 

37-12 

83.0 

1.01  x  10 7t 

35-10 

90.0 

7.40  x  10s 

33-9 

80.0 

1.06  x  10 7t 

35-11 

80.0 

4.00  x  10s 

33-7 

79.0 

3.81  x  106 

35-12 

75.0 

1.23  x  10 7+ 

33-10 

77.0 

4.15  x  106 

*A  =  0.9. 

tTest  discontinued. 
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